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We consider the effects of active-sterile secret neutrino interactions, mediated by a new pseu-
doscalar particle, on high- and ultra high-energy neutrino fluxes. In particular, we focus on the
case of 3 active and 1 sterile neutrino coupled by a flavor dependent interaction, extending the
case of 1 active and 1 sterile neutrino we have recently examined. We find that, depending on the
kind of interaction of sterile neutrino with the active sector, new regions of the parameter space
for secret interactions are now allowed leading to interesting phenomenological implications on two
benchmark fluxes we consider, namely an astrophysical power law flux, in the range below 100 PeV,
and a cosmogenic flux, in the Ultrahigh energy range. First of all, the final active fluxes can present
a measurable depletion observable in future experiments. Especially, in the case of only ντ − νs
interaction, we find that the effects on the astrophysical power law flux can be so large to be already
probed by the IceCube experiment. Moreover, we find intriguing features in the energy dependence
of the flavor ratio.
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I. INTRODUCTION
High energy neutrinos can be produced by the interac-
tions of High and Ultrahigh Energy Cosmic rays. Pho-
tohadronic and hadron-hadron interactions of High En-
ergy cosmic rays in astrophysical objects, such as Ac-
tive Galactic Nuclei (AGN), Gamma-Ray Bursts (GRB),
Starburst Galaxies (SBG), can produce high energy neu-
trinos with energy up to the order of 100 PeV. On
the other hand, photohadronic interaction of Ultrahigh
Energy Cosmic rays (UHECRs) with the photons of
the Cosmic Microwave Background (CMB) [1] can give
rise to cosmogenic neutrinos with energies in the range
(102 ÷ 1010)PeV.
Recently, in [2] we have studied the possibility that the
cosmogenic neutrino flux suffers from a measurable deple-
tion (called absorption effect) observable in future exper-
iments, due to the presence of active-sterile secret neu-
trino interactions. In particular, in the scheme of 1 active
neutrino and 1 sterile, we have shown that the absorption
effect is maximal for energies around 109÷10GeV, and it
could be observed at experiments like GRAND [3] and
ARIANNA [4].
In this paper we investigate the more general case 3 & 1
(3 active and 1 sterile neutrino νs), where the interaction
is possibly flavor dependent and mediated by a pseu-
doscalar particle ϕ. In comparison with our previous
work, we examine in detail the constraints on the param-
eter space of the secret interaction, coming both from
laboratory experiments and from cosmological observa-
tions. We find that new regions for the parameters are
allowed compared to the safe one we had investigated in
the previous paper. Extending the analysis to these new
regions, we find again an absorption feature in the active
neutrino fluxes, which can however occur over a much
wider energy scale, reaching energies as low as 106÷7
GeV. Therefore, we consider two benchmark fluxes: an
astrophysical power law flux, meant as a representative
of the cumulative neutrinos from astrophysical objects,
in the range below 100 PeV, and a cosmogenic flux, in
the Ultrahigh energy range. We find that the effects on
the astrophysical power law flux can be so important to
be probed by the IceCube experiment [5]. More specif-
ically, the effect of the interaction can produce a cutoff-
like feature in the spectrum, which could potentially be
an explanation for the lack of observed events above 10
PeV. Finally, we use the full 3 & 1 framework to general-
ize our predictions to the flavor structure modifications
induced by the new interaction, finding interesting fea-
tures in the energy dependence of the flavor ratio. This
is especially important from a phenomenological point
of view since flavor identification is performed differently
in various energy ranges. In the IceCube energy range,
flavor distinction can be partially achieved using the dif-
ferent topologies of cascade and track events. Further,
tau neutrinos can give rise to a unique topology, the so
called double bang events. Finally, electron antineutrinos
should produce as a signature a peak in their interaction
with the detector, due to the Glashow resonance in the
process mediated by the W− boson. In the ultrahigh en-
ergy range flavor identification is more complicated: it
can be partially achieved by distinguishing between the
air showers produced by neutrinos of all flavors in the
atmosphere, and the showers produced by skimming tau
leptons. The latter originate from tau neutrinos passing
through the Earth. This distinction therefore would in
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2principle allow an identification of the tau neutrino ra-
tio in the ultrahigh energy range. We therefore reach the
conclusion that a combined analysis of the energy and fla-
vor structure of the astrophysical neutrino fluxes in the
energy region above the PeV would allow to provide defi-
nite informations about the possibility of active-neutrino
sterile interactions.
The outline of the paper is the following: in Section
II we specify our model, emphasizing the role of the pa-
rameters. We then discuss in Section III the constraints,
coming from laboratory experiments, cosmological ob-
servations and astrophysical data. A description of the
benchmark fluxes we have analyzed, as well as of the
methods used to describe the effects of the interaction, is
provided in Section IV. In Section V we show our results
and discuss it. Finally, in Section VI, we come to our
conclusions.
II. MODEL
In this section we describe the model of active-sterile
neutrino interaction analyzed for this work. For definite-
ness we assume throughout the paper that neutrinos are
described by Majorana spinors. We also consider just
one sterile neutrino νs coupling with the active ones via
a new interaction given by
LSI =
∑
α
λα ναγ5νsϕ , (1)
where α = e, µ, τ and λα are dimensionless free couplings.
The presence of γ5 is connected with the Majorana na-
ture of the neutrinos, since the scalar contraction ναγ5νs
would otherwise vanish. In order to maintain parity, the
mediator of the interaction ϕ is chosen as a pseudoscalar.
The interaction in eq.(1) is assumed to arise after the
breaking of SUL(2) weak group, since it explicitly vio-
lates it. The study of a complete Standard Model La-
grangian is beyond the scope of the present paper, since
we are only interested into the phenomenological conse-
quences of the interaction (1). Nevertheless, it is inter-
esting to observe that our interaction must be embedded
into a more fundamental theory that will give rise to a
4× 4 neutrino mass matrix in the bases νe, νµ, ντ , νs di-
agonalized by a 4× 4 unitarity matrix parametrized1 by
three mixing angle between active-active states θ12, θ13,
θ23 and three mixing angles between active-sterile states
θ1s, θ2s, θ3s. For simplicity we assume here that θis  1,
so small as to neglect its effects. Even though this is
a simplification which restricts the space of parameters
we explore, it allows us to disentangle the effects due to
the interaction from the effects due to the active-sterile
mixing.
1 We do not include in this counting the CP violating phases.
The couplings λα are free parameters of the model,
which means that we have an ample freedom of choice for
our model. The most natural possibility is λe = λµ = λτ ,
since it preserves lepton universality. However, also the
case in which only λτ 6= 0 is very interesting: even though
it is not motivated by symmetry properties, we will see
that it is only very weakly constrained by mesons decay.
It can therefore lead to larger effects on the astrophysical
fluxes without being excluded by present experiments. In
our investigation we therefore consider these two bench-
mark cases.
As mentioned in [2], the cross section for the collision
of sterile-active neutrinos exhibits a resonance in the t-
channel. In fact, if a sterile neutrino with momentum p
collides with a fixed active neutrino, the resonance condi-
tion t = M2ϕ gives the following expressions for the energy
of the final sterile and of active neutrino:
Eis =
m2i +m
2
s −M2ϕ
2mi
, Eia =
√
p2 +m2s+
m2i −m2s +M2ϕ
2mi
(2)
where mi is the mass of the i−th active neutrino, Mϕ
is the mass of the pseudoscalar ϕ and ms is the mass of
the sterile neutrino. Since mi  ms,Mϕ, from eq. (2) it
follows that the resonance condition can be satisfied for
positive energies if ms > Mϕ. If this condition is satis-
fied, the decay channel ϕ→ νsν is also kinematically sup-
pressed. The amplitude for the process therefore depends
critically on details of the model we have left unspeci-
fied. In fact, if the scalar mediator were completely sta-
ble, with no other decay channels, the t-resonance comes
unregulated, giving rise to a non integrable pole in the
differential cross section and a diverging total cross sec-
tion. This situation is analogous to the divergence of
the total cross section for Rutherford scattering. The
regularization of this divergence in the case of a stable
mediator particle depends, just as in the case of Ruther-
ford scattering, on the transverse structure of the beam:
if the radius of the beam is a, the cross section cannot
exceed pia2, so that the total cross section will saturate to
this value. It is however uncommon for a particle to be
completely stable, if this stability does not descend from
some specific property or conservation law. Therefore, It
is unlikely that our mediator should be completely stable
and it may have other decay channels, giving rise to a fi-
nite total decay rate Γ. This decay rate regularizes the
divergence. Obviously, this implies a dependence on a
new parameter Γ into our work for the region ms > Mϕ.
In what follows, we adopt the choice that the dominant
decay channel is the decay into two active neutrinos via a
very small mixing angle. We will discuss in Section IV B
the dependence of our results on this assumption.
III. CONSTRAINTS
In the simple extension of the Standard Model under
consideration, we introduce two new species of matter:
3M
`
νsφ
ν`
M
`
νs
νs ν`′
ν`
φ
Figure 1. Feynman diagrams for the new meson decay chan-
nels introduced by the interaction: time runs along the verti-
cal axis.
the scalar field ϕ and the sterile neutrino νs. Our model
is then parametrized by the set
(λα, Mϕ, ms) . (3)
Since this model is in principle subject to a number of
constraints from laboratory experiments, cosmology and
astrophysics, leading to a restrictions of the free param-
eter space (3), we take into account the different con-
straints and we discuss them in the following.
A. Laboratory bounds
It is well known that mesons can decay leptonically as
M → ν``, where M represents a meson (pi+, K+, D+)
and ` = e, µ, τ depending on the meson. The interaction
given in eq. (1) opens the possibility of new leptonic decay
channels: M → νs`ϕ and M → νs`ν`′νs. In this regard,
we would like to remark that our assumption of small
active-sterile mixing angle is crucial, since it prevents the
appearance of new decay channels such as M → ν`′`ϕ.
Concerning the process M → νs`ϕ, it becomes pos-
sible only if the corresponding λ` 6= 0; moreover, it is
kinematically allowed only if
ms +Mϕ . mM −m` , (4)
where mM is the mass of the decaying meson and m`
the mass of charged lepton `. A lower limit on ms +Mϕ
arises from Big Bang Nucleosynthesis as discussed below.
Using the relation (4), in table (I) we provide the maxi-
mal allowed values for ms +Mϕ, namely mM −m`. We
observe that pi+,K+, D+ → eϕνs and K+, D+ → µϕνs
have a large phase space available, while pi+ → µϕνs and
D+ → τϕνs are only marginally allowed. At last, the
processes pi+,K+ → τϕνs are not kinematically allowed.
In the active sector, experimental bounds on meson decay
provide limits on λ`, see for example [6], where similar
processes involving active neutrinos ν` have been studied
Meson (ms +Mϕ)max(MeV)
pi+ → eϕνs 140
→ µϕνs 35
→ τϕνs –
K+ → eϕνs 493
→ µϕνs 388
→ τϕνs –
D+ → eϕνs 1870
→ µϕνs 1765
→ τϕνs 93
Table I. New decay channels for light mesons induced by the
interaction and relative maximal allowed values for ms+Mϕ.
When the numerical value is missing it means that the corre-
sponding process is kinematically forbidden.
in details. The main difference between our case and the
one studied in [6] is that the relation (4) is replaced with
Mϕ . mM−m`. In [6], the limit on λµ from K+ → µϕνs
has been found to be stronger with respect to the limit
on λe from K
+ → eϕνs. This depends on the more
accurate experimental data available for the former pro-
cess compared to the latter. Moreover, for masses of the
scalar field ϕ smaller than about 300 MeV, the limits on
λe,µ from K
+ decay are stronger compared to the one
from pi+ and D+ mesons decay. Concerning the λτ cou-
pling, pi+ and K+ can not provide information because
of kinematics, see table (I). We have explicitly analyzed
the rate of process D+ → τϕνs, finding that it is very
small compared with the experimental bounds. There-
fore, we find that for masses Mϕ and ms consistent with
the cosmological constraints, λ = 1 is always allowed.
In addition to three-body decay M → νs`ϕ discussed
above, there is a further decay channel which occurs as a
result of the new interaction: the four-body decay, M →
νs`ν`′νs. In this case the kinematics only constrains the
mass of the sterile neutrino. In particular, the decay is
kinematically allowed if
2ms . mM −m` . (5)
If λ < 1,the rate for four-body decay will be smaller
by a factor of λ2 compared to the three-body decay2.
We therefore expect that the four-body decay can rele-
vantly change the exclusions in the parameter space only
if λ = 1. Later we will explicitly verify the validity of the
assertion.
We now discuss the explicit form of the decay rate of
mesons through the new interactions. As a benchmark
case we will discuss the Kaon decay into the muon chan-
nel: however, it is straightforward to obtain the decay
rate for a different meson decay M into the leptonic chan-
nel α by simply replacing in all the subsequent formulas
MK by mM and µ by α.
2 By λ we mean the larger of the three couplings λα.
4We begin by examining the three body decay K+ →
µνsϕ. In the limit of vanishing active neutrino masses,
the decay rate is
dΓK→µνsϕ = (6)
=
f2KG
2
F |λµ|2
16MK(2pi)3
∫
dEpdEk
Q
(M2ϕ +m
2
µ − 2MϕEp)2
,
where
Q = 8M2ϕ[2(MϕEk − EpEk + p · k)×
(2Ep(Mϕ − Ep)−MϕEp +m2µ)− (7)
(M2ϕ +m
2
µ − 2MϕEp)(EpEk + p · k)].
We have defined with p, q, k and P respectively the µ,
ϕ, νs and K four-momenta, and in bold face their spatial
three-momenta. fK is the Kaon decay form factor.
With an analogous notations for the four body decay
K+ → µνsνsν′`, the decay rate can then be written:
dΓK→µνsνaνs =
G2F f
2
K |λµ|2(
∑
α |λα|2)
(2pi)6M
(8)∫ |p|2d|p||q|2d|q||k|d|k|d cos θdφ
EpEqEk|p+ q|
q · lp · k[
(q + l)2 −M2ϕ
]2 ,
where p, q, l, k and P denote the four-momenta re-
spectively of µ, νs, ν
′
` and νs. For convenience, we also
defined s = P − p. In this case, there are 5 independent
variables to parameterize the decay, which we choosed to
be |p|, |q|, |k|, the angle θ between p and q, and the az-
imuthal angle φ between k and the plane determined by
p and q. In case p and q were collinear, this should be
interpreted as the azimuthal angle around the direction
of p
Both the processes K+ → µϕνs and K+ → µνsνsν′`
should be observed as K → µ + missing energy. The
closer Kaon decay process that is reported into PDG [7]
is K → µννν that can be used to constrain our processes.
Therefore, we impose that the branching ratio to this
channels should be smaller than 2.4× 10−6 [7].
As mentioned in section II, a reasonable choice for a
qualitative picture of the general case is to take λe =
λµ = λτ = λ. In Figure 2 we consider this case and we
show the region excluded by Kaon decay in the Mϕ−ms
plane for various values of the coupling. From figure (2)
we observe that if
λ ≥ 0.01 and (ms orMϕ) & 30MeV , (9)
then the correction to Kaon decay is within the experi-
mental bound.
The four-body decay channel only produces a bump in
the right part of the exclusion contours, corresponding to
a roughly horizontal line of exclusion that only constrains
ms, as expected from our previous considerations: just
as we had deduced, this bump is only relevant for λ = 1.
The only case in which the results are drastically dif-
ferent from the choice of equal couplings for the three
Figure 2. Exclusion contours in the Mϕ −ms plane for dif-
ferent values of the coupling λ = λe = λµ = λτ , for the
choice of equal flavor coupling: the region below the contours
is excluded.
flavors is the one in which λτ 6= 0 and the other two cou-
plings are much smaller than it. In fact, as we mentioned
above, this case is unconstrained from meson physics and
even for value of λτ ∼ O(1) the only relevant bound in
the Mϕ−ms plane comes from Big Bang Nucleosynthesis
as discussed below.
B. Cosmological bounds
In addition to laboratory bounds, there could be ad-
ditional constraints coming from cosmology at different
epochs of the Universe. A first constraint comes from
the Big Bang Nucleosynthesis (BBN) epoch and specifi-
cally from the number of relativistic degrees of freedom.
In particular, the requirement is that there are no extra
relativistic species (apart from the ones predicted from
the Standard Model) at the moment of the BBN. This
naturally happens if the new introduced species ϕ and
νs are non relativistic and in thermal equilibrium before
and during BBN. Indeed, their distributions will be then
Boltzmann suppressed by a factor of e−m/TBBN , where
TBBN ' 1 MeV, and will not count as extra degree of
freedom. Another constraint comes from the require-
ment that the new interaction does not affect the free-
streaming nature (non interacting) of the active neutri-
nos at the time of the formation of the Cosmic Microwave
Background (CMB).
A full discussion of the cosmological bounds would re-
quire explicit solution of the evolution equations for all
the relevant species and is outside the scope of this work.
We will limit ourselves to an order of magnitude esti-
mate of the rates of the relevant processes to get a clear
idea of which portion of the parameter space is effectively
5constrained. Therefore, we did not distinguish between
the three different coupling λα but we used an effective
coupling λ. This latter have been chosen as the largest
coupling between the three and so the most relevant.
Big Bang Nucleosynthesis
As mentioned above, the requirements to not affect the
BBN yields are that the newly introduced species are non
relativistic at the time of the BBN and that they remain
in kinetic and chemical equilibrium at this epoch. The
first requirement is naturally met if both Mϕ and ms
are chosen to be larger than about 10 MeV: in this way,
the Boltzmann factor is smaller than 10−4 and we can
safely assume that the species are non relativistic and
practically absent. Concerning the second requirement,
is necessary to compare the rates of the processes respon-
sible for the equilibrium with the rate of the expansion
of the Universe, in order to determine the temperature
of decoupling at which such processes become irrelevant.
• νανs → νανs and νsνs → νανα: the cross section of
these processes, mediated by ϕ, can be estimated
as λ
4T 2
M4ϕ
. If we assume a relativistic distribution for
the particles involved, the number density grows as
n ∼ T 3. The decoupling temperature will be set by
the condition nσ ∼ T 2MPl , where MPl is the Planck
mass. Therefore, the decoupling temperature for
sterile neutrinos is
T decνsνs =
(
M4ϕ
λ4Mpl
)1/3
' 0.3MeV
(
Mϕ
1GeV
)4/3(
λ
0.01
)−4/3
.
BBN will be left unchanged by the new interac-
tion if this temperature is smaller than the BBN
temperature, namely around 1 MeV. Therefore,
these processes are able to maintain both kinetic
and chemical equilibrium between active and ster-
ile neutrinos, and is therefore sufficient to guarantee
that sterile neutrinos become non relativistic before
the BBN.
• ϕϕ → νsνs or ϕϕ → νανα: the most efficient is
the first process mediated by active neutrino. The
cross section is estimated as λ
4
m2s
, giving a decou-
pling temperature
Tϕ =
m2α
λ4Mpl
' 4× 10−28MeV
( mα
0.1eV
)2( λ
0.01
)−4
.
As above, this temperature should be smaller than
1 MeV in order to keep the φ distribution as a
Maxwell-Boltzmann distribution throughout BBN,
so that the scalar particles have essentially disap-
peared at the time of the nucleosynthesis. This
process is sufficient to maintain kinetic and chem-
ical equilibrium among the ϕ population, thereby
making them non relativistic before BBN.
In summary, for the parameter space which is of in-
terest to us, both scalar and sterile particles remain in
kinetic and chemical equilibrium throughout the primor-
dial nucleosynthesis. By taking them sufficiently massive,
namely
ms & 10 MeV and Mϕ & 10 MeV, (10)
we can safely satisfy BBN limits, since the newly intro-
duced particles are so massive that they are Boltzmann
suppressed during BBN.
Cosmic Microwave Background
At the time of formation of the Cosmic Microwave
Background (CMB), sterile neutrinos and scalar parti-
cles have long disappeared. Active neutrinos, though,
can still secretly interact through the reactions νανα′ →
νβνβ′ . There are in principle two ways in which this in-
teraction can proceed through the new interaction: either
the mixing angle between active and sterile neutrinos is
sufficiently large, so that the process νανs → νανs can be
converted via mixing to a four active neutrino process; or
the process can happen at next-to-leading order via the
box diagram. We will only analyze the latter process,
since we have assumed very small mixing angles between
active and sterile neutrinos. The cross section can be
estimated in order of magnitude as λ
8T 10
M8ϕm
4
s
, so that the
decoupling temperature for this process is
T decναν′α =
(
M8ϕm
4
s
λ8Mpl
)1/11
'
' 105eV
(
Mϕ
10MeV
)
8/11
( ms
10MeV
)4/11
λ−8/11.
In order to guarantee free-streaming active neutrinos at
CMB time, T dec has to be larger than the temperature
of CMB formation, around 1 eV. We have checked that
this is the case for all the parameter space we considered.
C. Astrophysical bounds
Another possible constraint we should take into ac-
count comes from the analysis of neutrino fluxes from
supernovae. In fact, since neutrinos in the supernovae
core have energies of order of tenth or hundredth of MeV,
they are sufficiently energetic to produce non relativistic
sterile neutrinos. If these sterile neutrinos interact suffi-
ciently weakly with the active neutrinos in the core, they
could escape the supernova giving rise to an observable
energy loss. The conditions for this to happen are two: in
the first place, the mean free path of the sterile neutrino
inside the core, namely (σsana)
−1
, with σsa the cross sec-
tion and na the number density of active neutrinos in the
core, should be larger than the radius of the supernova
6core, typically around 10 km. The cross section is eval-
uated for active neutrinos with typical energies of tenth
of MeV and sterile neutrinos at rest. The number den-
sity na can be estimated assuming a thermal distribution
f(E) of active neutrinos, with a typical temperature of
tenth of MeV, as in [8].
The second condition to be verified is that sterile neu-
trinos should be copiously produced in the supernova core
and that the energy injected into sterile neutrinos can ex-
ceed the threshold luminosity Ls ' 2×1052 erg/s (namely
Ls ' 8.2 × 1036 MeV2 in natural units, which we have
used throughout this work) for the supernova SN 1987A
[8]. We then estimate the luminosity in the proposed
model as:
Ls =
∫
dσa→s
dE
EdEf(E′, r)f(E′′, r)dE′dE′′4pir2dr,
where f(E, r) is the distribution of active neutrinos inside
the core of the supernova. The temperature profile T (r)
is taken from [8].
The model under consideration could be in conflict
with SN 1987A data if both the above conditions would
simultaneously met. We have numerically verified that
this situation never occurs for all the parameter space
we considered, with ms and M larger than 10 MeV. In-
deed, for large values of the coupling λ the energy in-
jected into sterile sector can easily exceed the threshold
indicated above, but the interaction between sterile and
active neutrinos is so strong that the mean free path is
much shorter than the supernova dimensions. For small
values of λ we encounter the opposite situation where,
even if sterile neutrinos are practically free to escape the
supernova, they are produced in too small amounts to be
observable. We can therefore deduce that the model we
consider is not constrained by supernova data.
IV. NEUTRINO FLUXES
Active-sterile neutrino interaction can become relevant
at very different energy scales depending on the mass
of the scalar mediator ϕ: roughly we expect the energy
scale at which the process of absorption over neutrinos
from the Cosmic Neutrino Background (CNB) happens
resonantly 3 at energies around M2ϕ/mα. For an active
neutrino mass of 0.1 eV, we find that this energy scale
can range from PeV to energies of order 104 PeV in the
selected parameter space. Close to the PeV scale the
dominant source of neutrinos is expected to be consti-
tuted by galactic and extragalactic astrophysical sources,
among which we mention Active Galactic Nuclei (AGN)
and Gamma Ray Bursts (GRB). The details of the emit-
ted neutrino spectra are sensitive to the physics of the
3 Of course if the sterile mass is too large it can kinematically
forbid the process: in determining the energy at which the ab-
sorption is most relevant one should take this factor into account.
sources. However, it is known that a good fit to the
observed IceCube data in the region below the PeV is
represented by a simple power law spectrum. Therefore,
in this range of energy, we limit our discussion on the
effect of the new interaction on a power law spectrum
with parameters obtained by the fit to the IceCube data
given in [9].
At higher energies, from 100 PeV, there are no exper-
imental data on the neutrino flux. It is expected that
a dominant source of neutrinos should have cosmogenic
origin. On the other hand, recent studies have shown
that a competing source of neutrinos could still be of as-
trophysical nature, provided for example by blazars [10]
and Flat Spectrum Radio Quasars (FSRQ) [11].
The new interaction under consideration produces
however effects which are qualitatively the same on all
these fluxes. For simplicity, we stick to the treatment
adopted in our recent paper [2] considering the effects of
the new interaction on cosmogenic neutrino fluxes.
A. Without secret interaction
Power Law
We consider a collection of astrophysical neutrino
sources, each one producing a power law spectrum in
energy
g(E) = N E−γ , (11)
where g ≡ φνe + φνµ + φντ + φνe + φνµ + φντ and γ is
the spectral index. The IceCube analysis gives as best
fit value for the throughgoing muons data set γ = 2.28
[12]. Due the similarity with the cosmogenic neutrino
production, we found convenient to adopt the Star Form-
ing rate ρ(z) [13] for the cosmological evolution of these
sources. The normalization N is chosen in such a way to
reproduce the best fit for the diffuse neutrino flux mea-
sured by the IceCube Collaboration in the throughgoing
muons data sample. Therefore, the diffuse astrophysical
spectrum is written as:
dφν
dEdΩ
=
∫
dz′
H(z′)
ρ(z′)g[E(1 + z′)]. (12)
We assume for definiteness a flavor structure at the
source (1 : 2 : 0), corresponding to pion beam sources.
Throughout our analysis we use the best fit values from
the NuFit 3.2 global fit data for the active oscillation pa-
rameters [14], assuming normal neutrino mass ordering.
Cosmogenic
Cosmogenic neutrinos are produced by the scattering
of high energy protons from the cosmic rays with the
CMB photons. The production of cosmogenic neutrinos
is quantitatively studied, for example, in [15]. In our
7previous work [2] we showed that their results can be
reproduced by parameterizing the cosmogenic neutrino
spectrum as:
dφν
dEdΩ
=
∫
dz′
H(z′)
ρ(z′)f [E(1 + z′)], (13)
where ρ(z) is the Star Forming rate [13]. We refer the
reader to [2] for the method of determination of the func-
tion f(E) describing the energy spectrum.
For cosmogenic neutrinos we again assume a flavor
structure at the source (1 : 2 : 0).
B. With secret interaction
Because of the secret interactions, active neutrinos can
collide with active neutrinos from the CNB, producing
sterile neutrinos and thereby causing a depletion of the
flux observable at Earth. The transport equation for ac-
tive neutrinos is in principle coupled to the transport
equation for sterile neutrinos, since the secret interac-
tions produce sterile neutrinos which can in turn collide
with other CNB neutrinos to regenerate part of the orig-
inal flux. The form of these equations has been given
in [2], and we reproduce it here for the generalized mul-
tiflavor case. We define with Φi(z, E) the flux of ac-
tive neutrinos in the ith (i = 1, 2, 3) mass eigenstate per
unit energy interval per unit solid angle at a redshift z,
while Φs(z, E) denotes the flux of sterile neutrinos, where
in absence of mixing the sterile mass eigenstate is indi-
cated with s. The flux at Earth is connected with the
flux at generic redshift by the relation dφνdEdΩ = Φ(0, E).
We write separate equations for the mass eigenstates be-
cause, as discussed in [2], the propagation is diagonal
in the mass eigenstates, given the path between colli-
sions much larger than the oscillation lengths. In other
words, due to the very fast oscillations caused by mixing,
in between two collisions, a neutrino decoheres to mass
eigenstates.
The transport equations take the form:
H(z)(1 + z)
(
∂Φi(z, E)
∂z
+
∂Φi(z, E)
∂E
E
1 + z
)
=
n(z)σiΦi(z, E)
−
∫
dE′Φs(z, E′)
dσsa
dE
(E′ → E)n(z)
−ρ(z)(1 + z)f(E)ξi, (14)
where f(E) is the neutrino spectrum produced at the
source and ξi is the fraction of neutrinos produced at
the source in the ith mass eigenstate. Similarly, for the
sterile flux we write:
H(z)(1 + z)
(
∂Φs(z, E)
∂z
+
∂Φs(z, E)
∂E
E
1 + z
)
=
n(z)σsΦs(z, E)
−
∑
i
∫
dE′Φi(z, E′)
dσas
dE
(E′ → E)n(z)
−
∫
dE′Φs(z, E′)
dσss
dE
(E′ → E)n(z). (15)
For convenience, we have denoted by σi and σs the cross
sections for the collision of an ith mass eigenstate and a
sterile neutrino, respectively, with a CNB neutrino. Cor-
respondingly,
dσαβ
dE (E
′ → E) is the cross section for the
production of a β neutrino with energy E after the colli-
sion of a α neutrino with energy E′ with a CNB neutrino.
If the regeneration processes play an important role,
the task of determining the effect of the interaction is
computationally expensive, since it requires the numeri-
cal solution of the system of four coupled partial integro-
differential equations
In our previous paper [2], we found that the regenera-
tion was unimportant for a limited region of the parame-
ter space, with masses of sterile neutrino and scalar medi-
ator around 250 MeV. Here we have analyzed this ques-
tion more thoroughly, taking in consideration a wider
parameter space. We have adopted a perturbative ap-
proach in which the regeneration processes are treated as
a perturbation and we have tested its validity a posteriori
by comparing the perturbation induced by regeneration
with the unperturbed flux.
We find that both cosmogenic and astrophysical fluxes
are practically unaffected by regeneration. The physical
reason behind this behavior is connected with the cosmo-
logical evolution of the sources, and in particular with the
fact that the sources are distributed at various redshifts.
In fact, while neutrinos produced at high redshifts, with
z  0.1, are severely suppressed due to the absorption
on the CNB, neutrinos produced at low redshifts are only
weakly absorbed. Thus the flux has always a component,
produced at low redshift, which is roughly unabsorbed
and which dominates against the small regenerated flux
produced at high redshifts. The perturbative approach
shows in fact that the corrections coming from regener-
ation, both for cosmogenic and astrophysical fluxes, are
typically not larger than about 10%.
The negligible effect of regeneration is therefore con-
nected with the presence of sources at small redshifts,
masquerading the regenerated flux. Thus we expect that,
for point-like sources localized at large redshifts, regen-
eration effects should instead be non negligible. Even
though IceCube has identified so far a single realistic
candidate of point-like astrophysical source, in the future
one may expect noticeable improvements in this respect.
Therefore, it might be interesting to have a qualitative
idea of the effect of regeneration on the neutrino spectra
from point-like sources. In Figure 3 we show the spectra
expected at Earth for a generic source at two fixed red-
8shift values z, namely 0.1 and 0.01, with an E−2 reference
spectrum. The effects of regeneration are, as expected,
more important for larger redshifts of the source and can
drastically change the results.
Figure 3. Comparison between the spectra with pure absorp-
tion (dotted lines) and with both absorption and regeneration
(dashed lines) for an E−2 flux produced by a source at redshift
0.1 (top panel) and 0.01 (bottom panel). The thick line is the
unabsorbed spectrum, reproduced for reference. The sterile
and scalar mediator masses are fixed to the benchmark values
of 10 MeV; the coupling λ is chosen as 1 for the tau neutrinos.
A final comment on the regeneration effects is neces-
sary in relation to the very small active-sterile mixing
angle we adopted. In fact, as we mentioned above, in the
regime ms > Mϕ, the mediator decay into an active and
sterile neutrino is inhibited. Under these conditions we
consider a mediator decay into two active neutrinos via a
very small active-sterile mixing angle. We evaluated the
dependence of negligible regeneration on the value of the
mixing angle. In general large active-sterile mixing angles
would lead to smaller regeneration effects, because they
increase the decay rate of the mediator. On the other
hand we find that even very small mixing angles still
produce no relevant regeneration effects. Therefore, our
conclusion that regeneration can be neglected for diffuse
fluxes is still valid. Since the active-active cross section
does not exhibit any t-channel resonance, it does not de-
pend on the precise value of the mixing angle, making
our results roughly independent of this assumption.
In the following, since we only deal with cosmogenic
and astrophysical neutrino fluxes, we neglect the regen-
eration processes, so that the transport equation for the
sole active neutrinos is given by
H(z)(1 + z)
[
∂Φi
∂z
+
∂Φi
∂E
E
1 + z
]
= n(z)σi(E)Φi(E) +
−ρ(z)f(E)ξi (16)
In this equation σi is the cross section of the process
νi + νj → νs + νs, namely
σi =
1
64piI2
∑
j
∫ t2
t1
|Mij→ss|2(s, t)dt (17)
in terms of the Mandelstam invariants s = (p + l)2, t =
(p−k)2 and u = (p−q)2 with p, l, k and q the momentum
of the two active neutrinos and the two sterile neutrinos,
respectively. Moreover
t1,2 = m
2 +m2s −
s
2
±√s
√
s
4
−m2s , (18)
where m is the mass of the active neutrino ν of CNB.
The squared amplitude is given by
|Mij→ss|2 = |
∑
α,β
U∗αiU
∗
βjλαλβ |2
×
[
[t− (m−ms)2]2
(t−M2ϕ)2 + Γ2M2ϕ
+
[u− (m−ms)2]2
(u−M2ϕ)2 + Γ2M2ϕ
− 2[(t−M
2
ϕ)(u−M2ϕ) + Γ2M2ϕ]
[(t−M2ϕ)2 + Γ2M2ϕ][(u−M2ϕ)2 + Γ2M2ϕ]
×
(
(t−m2 −m2s)2
4
+
(u−m2 −m2s)2
4
− s
2
4
+ s(m2 +m2s −mms)− 2m2m2s
)]
(19)
where Γ is the decay rate of the scalar mediator and Mϕ
is its mass.
Therefore eq.(16) contains only an absorption term
and, for the astrophysical power law neutrino flux, it ad-
mits an analytical solution for the flux at Earth given
by
Φi(E) =
∫ +∞
0
dz
H(z)
ρ(z)g [E(1 + z)]×
exp
[
−
∫ z
0
dz′
H(z′)(1 + z′)
n(z′)σνi [E(1 + z
′)]
]
ξi .(20)
For cosmogenic neutrino fluxes the solution is identical
with we consider the function f(E) in place of g(E).
V. RESULTS
A. Power law
We start our discussion of the results with the case
of a power law astrophysical spectrum in the energy
9range roughly below 100 PeV. In this region the ef-
fects of active-sterile interaction can be detected only
if the sterile mass is sufficiently low that the process
is not kinematically forbidden. As in the previous sec-
tions, we distinguish between the two possibilities: either
λe = λµ = λτ = λaf (where af denotes all flavors), or
λe = λµ = 0 and λτ 6= 0.
In the first case, the Kaon decay strongly constrains
the possible values of the coupling. In particular, we
find that the optimal choice to have noticeable effects
below 100 PeV is to have small sterile masses, large scalar
masses and λaf = 1. We take as benchmark values ms =
10 MeV and Mϕ = 1 GeV.
In the second case, in which the mediator only couples
to tau neutrinos, the constraints from Kaon decay are ir-
relevant and we can also consider lower masses forMϕ. In
order to maximize the effect in this energy range, we have
chosen the benchmark values of ms = 15 MeV, Mϕ = 10
MeV and λτ = 1, as represented in Fig, 4 where we show
the neutrino spectra after the new interaction for both
the choices of λ, together with the IceCube HESE data
[16]. From this Figure we can infer that the second pos-
sibility is already testable using IceCube data while the
first case is essentially undistinguishable from the power-
law in the energy range probed by IceCube.
Figure 4. Astrophysical all flavor neutrino power law spectra:
the thick line is the flux with no interaction, while the dot-
ted line corresponds to the case of λaf = 1 and the dashed
one denotes the case λτ = 1, as described in the text. The
experimental points are the IceCube HESE data.
An interesting aspect revealed by Figure 4 is that the
new interaction causes a cutoff-like feature in the spec-
trum in the range between 1 PeV and 10 PeV. In fact,
the second case with only λτ , shows a sudden drop of
the flux at the energy at which the process νανβ → νsνs
becomes kinematically allowed.
The effects of the new interaction can also cause sig-
nificant changes in the flavor structure of the spectrum
since the induced depletion acts differently on each fla-
vor modifying the flavor ratio, namely the fraction of
electron, muon and tau neutrino fluxes. Since the de-
pletion is energy dependent, the result will be an energy
dependent flavor ratio. In Figures 5 we show the flavor
ratios as a function of the energy for the two cases, λaf
and λτ respectively. We see that the case of only λτ has
a threshold behavior with a sudden change of the fla-
vor ratio. This change is quite relevant, especially when
compared with the change in the case λaf . We remind
the reader that we assumed a flavor ratio at the source
(1 : 2 : 0): at low energies, where the effects of the inter-
action are inactive, we recover the typical flavor structure
(1 : 1 : 1) at the Earth as expected.
Figure 5. Flavor ratio at Earth as a function of the energy for
the first benchmark case in the text (ms = 10 MeV, Mϕ = 300
MeV, λe = λµ = λτ = 1) (top pannel) and second benchmark
case in the text (ms = 15 MeV, Mϕ = 10 MeV, λτ = 1)
(bottom pannel).
The effects of secret interaction on the flavor structure
of the spectrum, namely the modifications of the flavor
10
ratio, can also be represented in the flavor triangle: we
show this for case λτ = 1, which has the largest effect, in
Figure 6.
The red and the orange points correspond to an energy of
105 GeV and 108 GeV, respectively. The flavor sensitiv-
ity which has been forecasted for IceCube-Gen2 [17], in
the case of pion beam sources with a flavor ratio (1 : 2 : 0)
at the source, has been shown as well. The triangle repre-
sentation suggests the possibility that future experiments
might be able to unveil a different flavor structure pos-
sibly caused by active-sterile secret interactions. It is
worth noticing that this change induced by the interac-
tion is also dominant with respect to the uncertainty due
to the mixing parameters.
A fundamental feature of the change in flavor induced by
secret interactions is that it has a unique energy depen-
dence, which descends from the resonances and thresh-
olds of the interaction. Since the data from IceCube-
Gen2 might allow in the future to investigate the inter-
play between flavor and energy, this is a result which
might be of experimental interest.
Figure 6. Flavor ratio, reproduced in the flavor triangle, for
varying energy for the second case in the text (ms = 15 MeV,
Mϕ = 10 MeV, λτ = 1). The red and orange points corre-
spond to an energy of 105 GeV and 108 GeV, respectively.
The forecasted sensitivity of IceCube-Gen2 is shown as well.
B. Cosmogenic
For the case of cosmogenic fluxes, which are relevant
at higher energies, the absorption effect is most impor-
tant for higher masses of the sterile neutrino and of the
scalar mediator. In this part of the parameter space, the
constraints from mesons decay are substantially irrele-
vant, so there is no need to distinguish between the two
case studied above. We will therefore analyze as a single
choice the case λe = λµ = λτ = 1, ms = 250 MeV and
Mϕ = 250 MeV. In Figure 7 we show the effect of the
interaction on the cosmogenic flux. We can observe that
the effect is maximal around 109÷10 GeV. We address the
reader to our previous paper [2] for more details also in
relation to future experiments.
Figure 7. Cosmogenic all flavor neutrino power law spectra:
the thick line is the flux with no interaction, while the dashed
line correspond to the benchmark case described in the text.
As in the astrophysical neutrino case, also for the cos-
mogenic flux we analyze the flavor structure as a function
of energy, as shown in Figures 8.
Figure 8. Flavor ratio at Earth as a function of the energy for
the cosmogenic benchmark case in the text (ms = 250 MeV,
Mϕ = 250 MeV, λe = λµ = λτ = 1).
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VI. CONCLUSIONS
In this work we have investigated the effects on high-
and ultra high- energy active neutrino fluxes due to
active-sterile secret interactions mediated by a new
pseudoscalar particle. In particular, we extended our
previous paper [2] considering three active neutrino
flavors, leading to an ample freedom of choice for the
couplings of the interactions. As a consequence, the
laboratory constraints for the meson decays are more
relaxed, allowing new regions of the parameter space
otherwise forbidden. Active-sterile neutrino interactions
become relevant at very different energy scales depend-
ing on the masses of the scalar mediator and of sterile
neutrino. As already found in our previous paper, the
final active fluxes can present a measurable depletion
observable in future experiments. However, in this study
we find that the flux depletion can also occur at lower
energy, around the PeV, in the particular case of only
ντ − νs interaction. We adopted then two prescriptions
for the neutrino flux, namely high-energy represented by
a power-law, and ultra high-energy with cosmological
origin (cosmogenic) in order to take into account the
multi-scale energy phenomenology, varying from 106GeV
up to 109GeV. Remarkably, when the depletion is
around 106GeV, this effect could be very interesting
for IceCube because it can produce a cutoff-like feature
in the spectrum, which could potentially explain the
lack of observed events above 10 PeV. For larger values
of mediator and sterile masses, the depletion effect
instead could be only visible at larger energy, around
109GeV, with future experiments like GRAND. Another
interesting phenomenological aspect of active-sterile
secret interactions is represented by the changing in the
flavor ratio as a function of neutrino energy. This effect
could be interesting for next generation of neutrino
telescopes like IceCube-Gen2 or KM3NeT.
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